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Identifying the origins of insect vectors collected after community-wide residual insecticide applications
is a relevant challenge in the Gran Chaco region where the main vector of Chagas disease Triatoma infe-
stans usually reinfests human dwellings. Wing geometric morphometry was used to compare the right
wings of 63 males and 54 females collected at 4 months post-spraying (MPS) with those from 165 males
and 111 females collected before full-coverage spraying with pyrethroids in a well-deﬁned rural area in
Northeastern Argentina. Male and female wing centroid size resulted signiﬁcantly larger at 4 MPS than
before interventions, but no signiﬁcant changes in shape were detected. Metric disparity (variance of
shape) varied signiﬁcantly in males but not in females. Using shape variables, a relatively large fraction
of post-spraying males (70%) and females (54%) could not be differentiated from those collected at the
same source house or at the nearest infested house before interventions. Bugs collected at 4 and
8 MPS in a persistently infested house were mainly assigned to the source house. These results support
the hypothesis of persistent bug populations that survived the insecticide application at local spatial
scales, and are consistent with the occurrence of vector control failures most likely related to moderate
pyrethroid resistance. Wing geometric morphometry is a useful tool for identifying sources of reinfesta-
tion, but it is limited by the spatial structure found in the reference populations. Combined with ﬁeld and
genetic data, this approach may contribute to the understanding of the reinfestation process and
improvement of vector control strategies.
2013 Elsevier B.V.   Open access under CC BY-NC-ND license.1. Introduction
Vector-borne transmission of Trypanosoma cruzi –the etiologic
agent of Chagas disease– still represents a public health problem
in several Latin American countries, especially in the Gran Chaco
region of Argentina, Bolivia and Paraguay where the major vector
Triatoma infestans (Klug) persists (Gürtler et al., 2005, 2007;
WHO, 2007). One of the main obstacles to the success of some of
the ongoing elimination programs of domestic Triatominae vectors
of T. cruzi is the reinfestation of houses after insecticide spraying
(Cecere et al., 2006, 2013; Dujardin et al., 1997; Dumonteil et al.,
2004; Gorla et al., 2009; Gurevitz et al., 2012; Gürtler et al.,
2007). It is often unclear whether the vectors found after control
interventions are derived from residual subpopulations that either
survived treatment or re-invaded the area from external sources
such as untreated communities or sylvatic foci (Dujardin et al.,
1997; Romaña, 1963; Schoﬁeld, 1988). Distinguishing between.
er).
-NC-ND license.these two main hypotheses may have important consequences
for the design and implementation of more effective vector control
strategies adapted to local settings.
Identifying the source of reinfestant insects usually involves the
comparison of specimens captured locally and in sylvatic or neigh-
boring areas before and after control interventions, regardless of
whether genetic or phenetic characters are used for such compar-
ison (Dujardin et al., 2007). The aim of this approach is to test the
hypothesis that the pre-intervention population is the parental
generation of reinfestant insects. The ﬁrst step in that direction is
to assess the level of spatial structuring of vector populations be-
fore interventions. Both genetic and phenetic techniques were
used to study the spatial structuring of major vector species within
Triatominae at widely variable scales (Dumonteil et al., 2007;
Gaspe et al., 2012; Hernández et al., 2010; Marcet et al., 2008;
Monroy et al., 2003; Pérez de Rosas et al., 2008; Schachter-Broide
et al., 2004). Moreover, isoenzyme, microsatellite- and mtDNA-
based analyses that sought to identify the putative origins of triato-
mine bugs collected after insecticide spraying revealed various
patterns (Dujardin et al., 1996; Dumonteil et al., 2007; Fitzpatrick
et al., 2008; Marcet et al., 2008; Pérez de Rosas et al., 2007).
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collected after insecticide spraying were a residual population that
survived insecticide treatment in Bolivia (Dujardin et al., 1997).
Geometric morphometry has been proposed as an alternative, less
costly method based on the assumption that an insect is more sim-
ilar to its parents than to other conspeciﬁcs and is affected by
microhabitat features (Dujardin et al., 2007). Using wing geometric
morphometry, insectary-reared specimens of Triatoma protracta
(Uhler) were assigned to its original parental line with high prob-
abilities (Dujardin et al., 2007), and reinfestant specimens of
domestic Rhodnius prolixus Stäl in Venezuela most likely originated
from nearby palm trees or from a residual population (Feliciangeli
et al., 2007). Microsatellite and mtDNA markers combined with
wing geometric morphometry indicated that sylvatic foci of T. infe-
stans in northwestern Argentina were closely related to local
domestic or peridomestic populations (Ceballos et al., 2011). To
the best of our knowledge, no previous study applied wing geo-
metric morphometry to compare T. infestans populations collected
before and after insecticide spraying campaigns at a small geo-
graphic scale.
Of the wide variety of peridomestic structures frequently in-
fested with T. infestans, goat and pig corrals were identiﬁed as
key ecotopes and sources of reinfestant insects in the dry Argentine
Chaco (Cecere et al., 2004; Gorla et al., 2009; Gürtler et al., 2004). In
contrast, domiciles, kitchens, storerooms and other peridomestic
ecotopes used by chickens were the structures most frequently in-
fested before and after insecticide spraying in Pampa del Indio, in
the humid Argentine Chaco (Gurevitz et al., 2011, 2012). Wing geo-
metric morphometry analyses detected the existence of spatial
structuring of T. infestans populations within 4 km before control
interventions (Gaspe et al., 2012). Early house reinfestation with
T. infestans after spraying was partially attributed to moderate lev-
els of pyrethroid resistance (Gurevitz et al., 2012), thereby suggest-
ing that post-spraying specimens were survivors of local bug
populations. As part of a multi-site study on the eco-epidemiology
and control of Chagas disease in the Gran Chaco, here we used
wing geometric morphometry to test the main hypotheses ex-
pressed above on the putative origins of T. infestans specimens col-
lected after insecticide spraying in a well-deﬁned rural area in
Pampa del Indio. Our study, conceived before ﬁeld bug collections
and observed reinfestation patterns, gives further support to the
hypothesis that post-spraying specimens mainly originated from
local residual foci that survived insecticide treatment.2. Materials and methods
2.1. Study area
Fieldwork was conducted in Pampa del Indio (25 550S 56
580W), Chaco Province, northeastern Argentina. The study area in-
cluded 353 houses and public buildings grouped in 13 rural vil-
lages (Gurevitz et al., 2011). House compounds were composed
of human habitations (domiciles or domestic sites) and various
peridomestic structures housing domestic animals (ecotopes); a gi-
ven ecotope at a house compound may have one or more sites.
Most domiciles were mud-and-thatch huts with roofs of metal or
tarred-cardboard sheets, and occasionally had bricked walls plas-
tered with cement. The district was last treated with residual
insecticides by vector control programs approximately in 1996.
Vector collection surveys were conducted at baseline (Septem-
ber–November 2007), immediately after spraying with pyrethroid
insecticides all houses (December 2007), and at 4 and 8 MPS as de-
scribed elsewhere (Gurevitz et al., 2011, 2012). The initial insecti-
cide spraying campaign covered nearly 99% of all houses, both
inhabited and uninhabited ones, and all identiﬁed sites withinthe domestic/peridomestic area (Gurevitz et al., 2012). All domes-
tic and peridomestic sites were georeferenced and skilled bug col-
lectors searched them for triatomine bugs using timed manual
catches with a dislodging aerosol. In several houses bugs were also
collected after the stipulated search time, during insecticide appli-
cations, and by householders a few days after the surveys. These
additional bug collections were used solely as a qualitative mea-
sure of infestation. All foci detected after initial control actions
were selectively sprayed with insecticides immediately after the
8 MPS survey. The house-speciﬁc prevalence of infestation with
T. infestans declined from 46.9% at baseline to 12.0% at 4 MPS (April
2008) and 6.7% at 8 MPS (August 2008) (Gurevitz et al., 2012).
2.2. Insects
Pre-intervention collection sites with at least 10 adult
T. infestans of the same sex were selected for analysis of the spatial
structuring of bug populations using wing geometric morphometry
(Gaspe et al., 2012). For present purposes we included males and
females collected at >88% of infested houses containing adults at
4 MPS. In practice, the analyses were stratiﬁed according to
baseline infestation levels (as determined by any method): (a)
apparently non-infested houses (no T. infestans collected); (b)
low-density infestations (with <10 nymphs or adult bugs
collected), and (c) high-density infestations (P10 nymphs or
adults collected).
One special case study was a house (CT09) found highly infested
at baseline, 4 and 8 MPS. A sample of the bugs collected at a single
site (a dilapidated small chapel used as a chicken coop) was in-
cluded in the pre-spraying sample. All males and females collected
at 4 and 8 MPS at different collection sites within the house com-
pound were also analyzed, and the percentage of post-spraying in-
sects assigned to the corresponding reference group computed.
2.3. Metric data
The wings were mounted between microscope slides and cover
slips as described in Schachter-Broide et al. (2004). Photographs of
each pair of wings were taken using a digital camera (Sony MVC-
CD300, US) and a stereo-microscope (Zeiss SV11, Germany). We
used the 10 type-I landmarks (vein intersections) identiﬁed for T.
infestans wings, according to Bookstein (1990), as described else-
where (Schachter-Broide et al., 2004). Only right wings were in-
cluded in the analyses to avoid pseudoreplication.
2.4. Size variation
Centroid size variations between pre- and post-spraying sam-
ples were tested using non-parametric tests (1000 permutations).
2.5. Shape variation
Shape variables (partial warps, PW) were obtained using the
Generalized Procrustes Analysis superimposition algorithm (Rohlf,
1996). To avoid having small sample sizes relative to the number of
variables, we used a restricted representation of shape (i.e., a set of
principal components known as relative warps) derived from
shape variables.
The analyses of pre-spraying bug populations showed the
occurrence of two groups that included collections sites located
less than 4 km apart. Collection sites within each group presented
no signiﬁcant differences in Mahalanobis distances (in males)
whereas shape variables differed between groups (Gaspe et al.,
2012) (Fig. 1). These groups included 165 males and 111 females,
and were used as reference groups to assign post-spraying speci-
mens. To verify the quality of the reclassiﬁcation analysis and to
Fig. 1. Pre-spraying reference groups. Map of the study area showing the pre-spraying groups of T. infestans identiﬁed with wing geometric morphometry. These reference
groups were used for the assignment of post-intervention specimens. The letters and numbers in the map refer to the ID of the house were the insects analyzed were
collected. Black circles: houses with males and females included in the analyses. Black triangles: houses with only males included in the analyses. Black stars: houses with
only females included in the analyses.
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ments, a cross-checked classiﬁcation of males and females in both
reference groups was performed: each individual was removed,
treated as external data, and then reassigned to one of the groups.
The percentage of correctly-assigned specimens was computed for
both reference groups.
Post-spraying specimens were entered one by one to the dis-
criminant analysis of pre-spraying samples and assigned to the ref-
erence group with which they had the shortest Mahalanobis
distance. Each individual classiﬁcation was performed on shape
variables computed from the total of reference specimens plus
the individual to be classiﬁed; thus, for each classiﬁcation, shape
variables of the reference specimens were recomputed after adding
only one post-spraying individual (Dujardin et al., 2010; Dujardin
and Kitthawee, 2013). When partial warps are used, the one-by-
one procedure avoids distorting shape variations between refer-
ence groups. If many unknown individuals were entered at once,their inﬂuence on the consensus is increased and shape discrimina-
tion between reference groups may be distorted. We estimated the
percentage of specimens assigned to the reference group in which
its house was included. When post-spraying bugs occurred in
houses that had not been included in the pre-spraying sample,
the nearest infested house was taken as the reference group. Met-
ric disparity was computed as an alternative way to compare pre-
and post-spraying samples.2.6. Allometry
The inﬂuence of size on shape was veriﬁed throughmultivariate
regression and permutation tests for statistical signiﬁcance (Good,
2000). When the allometric residue was found signiﬁcant, the
common allometric model hypothesis was investigated via a MAN-
COVA based on Wilk’s statistic (Dujardin et al., 2007).
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TPSdig2 (version 2.09) was used for landmark digitalization;
MOG for Procrustes superimposition, generation of PW, assignment
of ‘‘unknown specimens’’, and validated reclassiﬁcation tests; VAR
for non-parametric comparisons of centroid size; COV for examina-
tion of residual allometry within shape variables, common-
allometry model tests, and metric disparity analysis. TpsDig2 was
developed by Rohlf and is available at www.life.bio.sunysb/
morpho. The modulesMOG, VAR, COV developed by D. are included
in the CLIC package available at mome-clic.com3. Results
A total of 63 males (from 24 sites) and 54 females (from 33
sites) collected after full-coverage insecticide spraying were in-
cluded in wing geometric morphometry analyses (Table 1). These
bugs had been collected in 88% (21 of 24) and 91% (30 of 33) of
all the houses infested at 4 MPS that had adult bugs captured,
respectively (Fig. 2). More than 60% of all males and females col-
lected at 4 MPS were analyzed for wing geometric morphometry.Table 1
Percentage of post-spraying T. infestans bugs assigned to the reference group that included t
stage and pre-spraying house infestation level.
Males
Pre-spraying infestation No. of houses No. of insects analyzed % Of insects
Negative 4 4 75
Low abundance 5 8 75
High abundance 12 51 69
Total 21 63 70
Fig. 2. Post-spraying infested houses. Map of the study area showing houses infested w
Black circles: houses included in post-spraying analyses. A. Males. B. Females.3.1. Size variation
Pre-spraying males and females had signiﬁcantly smaller CS
than those collected at 4 MPS (P = 0.03, P = 0.007, respectively),
whereas its variance did not differ signiﬁcantly between surveys
(P > 0.1). When comparisons were stratiﬁed by ecotope, males col-
lected at 4 MPS had signiﬁcantly larger wings than pre-spraying
males only in domestic sites (P = 0.01) (Fig. 3).
In house CT09, males collected at 4 MPS had signiﬁcantly larger
wing centroid size than those collected at baseline and at 8 MPS.
No signiﬁcant differences were found in wing size between males
collected at 8 MPS and pre-spraying samples, nor were they found
in female centroid size.3.2. Shape variation
The cross-checked classiﬁcation of pre-intervention specimens
in both reference groups showed that 73–77% of males and 65–
67% of females were correctly reclassiﬁed. Similar percentages of
reclassiﬁcation were obtained when both shape and size variables
were included in the cross-checked classiﬁcation.he source house of each individual bug or the nearest infested house, according to bug
Females





ith T. infestans at 4 MPS. White circles: infested houses with presence of adult bugs.
Fig. 3. Size variation. Variation of wing centroid size of male and female T. infestans between ecotopes and collection dates in Pampa del Indio. Each box shows the median
and the ﬁrst and third quartiles.
Table 2
Percentage of male and female T. infestans from house CT09 assigned to the (pre-spraying) reference group where the source house was included, according to time elapsed after
insecticide spraying and bug collection site.
Males Females
Months after spraying Collection site No. of insects analyzed % Of assigned insects No. of insects analyzed % Of assigned insects
Four Latrine 13 100 2 100
Chapel 15 67 7 57
Total 28 82 9 67
Eight Latrine 3 67 0 –
Chapel 11 27 6 50
Storeroom 1 0 0 –
Kitchen 5 100 1 100
Domicile 1 0 4 25
Total 21 48 11 45
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on average, 70% of the males examined could not be differentiated
from males collected at houses from the reference group where
either the same (source) house or the nearest infested house before
interventions were included (Table 1). The percentage of assign-
ment varied slightly with the intensity of house infestation before
interventions. More than 80% of the post-spraying males analyzed
originated from highly infested houses, and 55% of them came
from house CT09 (see below). We found no apparent association
between unassigned individuals and bug collection ecotope.
On average, 54% of the female bugs analyzed were assigned to
the reference group in which either the source house or the nearest
infested house were included (Table 1). The majority (80%) of post-
spraying females examined were collected from houses that highly
infested before interventions.
Metric disparity was similar in all female bug populations
(P > 0.05), whereas males collected at 4 MPS were signiﬁcantly
more disparate than pre-spraying males (P = 0.039).
In house CT09, a large percentage of the specimens collected
after interventions (67% of females and 82% of males) was assigned
to the reference group that included the source house CT09 (Ta-
ble 2). These percentages were higher at 4 MPS than at 8 MPS,
and in males than in females. Regarding post-spraying bugs col-lected at a single collection site (small chapel), the fraction of
males assigned to the reference group at 4 MPS (67%) was higher
than at 8 MPS (48%). Moreover, shape variables were signiﬁcantly
different only among pre-spraying and 8 MPS samples.3.3. Allometry
Shape variation between pre-spraying and 4 MPS samples was
signiﬁcantly related to size variation both in females (P = 0.002)
and males (P < 0.001). This allowed us to compare the allometric
trends between samples collected before spraying and at 4 MPS
for each sex. The model of a common allometric trend was not re-
jected (females: Wilks’ lambda = 0.85, P = 0.09; males, Wilks’ lamb-
da = 0.93, P = 0.67). In house CT09, no residual allometry was found
in males, implying that the analyses performed on shape variables
were not inﬂuenced by any size effect.4. Discussion
Our study gives further support to the hypothesis that reinfes-
tant specimens mainly originated from local residual foci that sur-
vived insecticide treatment. The present study has unprecedented
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meso-scale, and included a large number of infested houses as part
of a longitudinal study of >300 rural dwellings from a well-deﬁned
area. A relatively large fraction (70–82% of males and 54–67% of fe-
males) of the T. infestans bugs collected after full-coverage insecti-
cide spraying could not be differentiated from bugs collected
before interventions at the reference group that included the
source house of the individual bug or the nearest infested house.
Therefore, there is not sufﬁcient evidence to reject the hypothesis
that post-spraying specimens were survivors or the offspring of
pre-spraying bug populations in a large fraction of the infested
sites investigated, especially for males. Although we cannot dis-
count that some of the post-spraying bugs assigned were immi-
grants from other houses included in the same reference group,
they would be immigrant survivors from within the study area gi-
ven the large spatial scale of control operations. However, bug pop-
ulations decimated by the insecticidal sprays would contribute
with much fewer dispersants. Moreover, if active bug dispersal oc-
curred after initial interventions, it would have been restricted to
the time period between insecticide spraying and 4 MPS because
temperatures between 4 and 8 MPS (over the fall–winter period)
were adverse or highly adverse for bug movement. The morphom-
etry-based results are consistent with other pieces of evidence re-
lated to local reinfestation patterns (Gurevitz et al., 2012): (i) the
occurrence of rather large colonies of T. infestans including late-
stage nymphs and adult bugs as early as 4 MPS (residual foci);
(ii) most (87%) of the houses infested at 4 MPS had also been in-
fested before insecticide spraying; (iii) laboratory-based evidence
of moderate levels of pyrethroid resistance causing vector control
failures as determined by discriminant dose assays, and (iv) a
ﬁeld-based experiment demonstrating that an enclosed bug colony
survived multiple pyrethroid sprays (with standard and double
dose) and ﬁnally was suppressed after treatment with malathion.
In addition, pyrethroid insecticides have much lower effectiveness
in peridomestic sites than in domestic sites, and therefore are more
prone to leave peridomestic residual foci in the Argentine Chaco
(Cecere et al., 2013).
Both male and female reinfestant specimens from houses
apparently not infested before interventions showed high percent-
ages of assignment to the most immediate reference group. This
suggests that these bugs may have invaded from neighboring
houses or were survivors from undetected, very low-density bug
populations at the source house. Conversely, specimens that were
not assigned to the reference group in which the source house was
included may have originated from houses included in the other
reference group; from houses outside the study area (i.e., not in-
cluded in the baseline sample), or from sylvatic foci. Although syl-
vatic foci of T. infestans have not been detected in Pampa del Indio
yet (Alvarado-Otegui et al., 2012), they occur elsewhere in Bolivia,
Argentina, Paraguay and Chile (Bacigalupo et al., 2010; Ceballos
et al., 2009, 2011; Dujardin et al., 1987; Noireau et al., 2005; Rolón
et al., 2011). Current data do not allow an assessment of alternative
sources, as there are no reference groups for external communities
and sylvatic bug populations. Another alternative is that bugs not
assigned to the reference group were true descendants of the
source population and were ‘‘wrongly’’ classiﬁed, perhaps related
to limitations in the resolution power of wing geometric mor-
phometry. Our approach was not able to differentiate among these
hypotheses at the ﬁne spatial scale of the study, which included
bug populations not subjected to periodic large perturbations such
as professional insecticidal sprays.
The detailed analysis of a house (CT09) persistently infested up
to 8 MPS was particularly meaningful, given the evidence on per-
sistent residual foci. Wing geometric morphometry analyses also
suggested that the specimens collected in this house after insecti-
cide spraying most likely were survivors or the offspring of the pre-intervention bug population. A relatively large fraction of the adult
bugs collected in this house (67% of females and 82% of males) was
assigned to the corresponding reference group. The percentage of
specimens assigned to the source house decreased from 4 to
8 MPS as a new generation of bugs developed. These differences
can be more likely attributed to the effects of the time elapsed be-
tween bug collection dates rather than to seasonal effects which
are expected to affect bug size more than shape (Schachter-Broide
et al., 2009). Dujardin et al. (2007) showed that the assignment of
the ﬁrst generation of adult T. protracta to the parental (founder)
generation was stronger than that displayed by successive genera-
tions reared in the insectary.
Some of the CT09 bugs not assigned to the reference group per-
haps may have invaded from other sources. However, the nearest
house found infested at 4 MPS was 1 km apart (i.e., within the esti-
mated ﬂight range of T. infestans, which ranges up to 1.5–2.5 km),
and the only female bug collected there was assigned to the same
reference group as insects from house CT09. Another possible
explanation for the imperfect assignment recorded is related to
the composition of bug samples. All the adult bugs captured at 4
or 8 MPS from different collection sites of house CT09 were ana-
lyzed, whereas only 40–54% of the adults collected at baseline in
a single site (old chapel) were included. If the latter sample had
failed to capture all the existing variability in the bug populations
from this speciﬁc house compound, some post-spraying bugs
would not be assigned correctly to the reference group. Increasing
bug sample sizes may provide enhanced discriminant power.
The fairly good results of the cross-checked classiﬁcation of
bugs in the reference groups support its use for assignment of
post-spraying bugs. Over all occasions and intensities of house
infestations investigated, the percentages of assignment were
slightly higher for males than for females and cross-checked clas-
siﬁcations were also higher in males. These patterns are consistent
with male populations having stronger spatial structuring than fe-
males before interventions (Gaspe et al., 2012). Moreover, the sig-
niﬁcant differences in male wing centroid size and metric disparity
between 4 MPS and pre-spraying samples were most likely associ-
ated; changes in metric disparity could be an allometric effect
caused by signiﬁcant size variations. The latter supports the occur-
rence of between-survey differences in male populations. In spite
of these results, the lack of differentiation in the allometric model
suggests the absence of isolation. Moreover, size differences found
between 4 MPS samples (fall) and pre-intervention (spring) or
8 MPS (winter) samples at house CT09 support the hypothesis of
seasonal effects on wing size. Similarly, another study conducted
elsewhere in the dry Chaco also found signiﬁcant differences in
wing centroid size between seasons, with spring males (October)
being smaller than end-of-summer males (March–April) (Schach-
ter-Broide et al., 2009).
The ability of wing geometric morphometry to identify the
putative origins of bugs collected after control interventions
depends on the level of spatial structuring of the reference (pre-
intervention) populations. In our study area, pre-spraying adult
bugs from sites distant less than 4 km could not be differentiated
through wing geometric morphometry (Gaspe et al., 2012). Else-
where in northwestern Argentina, both wing geometric morphom-
etry and microsatellite markers showed consistent within-village
spatial structuring of bug populations (Marcet et al., 2008;
Schachter-Broide et al., 2004), which coincided with the occur-
rence of two independent reinfestation patterns over a ﬁve-year
period (Cecere et al., 2004). These study sites had been under
recurrent insecticide sprays that generated highly structured
vector populations, unlike in Pampa del Indio. Determining the
exact source of reinfestant specimens may be more difﬁcult when
efforts are focused on small geographic areas and involve relatively
undisturbed bug populations, as in the current study. More
M.S. Gaspe et al. / Infection, Genetics and Evolution 17 (2013) 93–100 99powerful genetic markers may be needed to identify the sources of
reinfestant bugs at ﬁne spatial scales.5. Conclusions
Most of the specimens collected after interventions most likely
were survivors of the insecticide spray at the source house (includ-
ing the offspring of preexisting bugs) or came from houses located
less than 4 km apart, or a combination of these processes operating
at a local scale. These results indicate a local source of infestation
in the majority of the infested sites investigated (i.e., not invasion
from communities external to the treated study villages). Im-
proved residual application of insecticides (i.e., type of insecticide,
dose, spray gear, coverage), together with environmental manage-
ment, housing improvement and community participation, are
needed for improved vector and disease control in the Gran Chaco.
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